The early cellular events in liver carcinogenesis were studied in Fischer-344 male rats that either were fed 200 ppm 2-acetylaminofluorene (AAF) for up to 10 wk or were fed the carcinogen for 8 wk followed by maintenance for an additional 24 wk. By 1 wk of exposure, AAF caused a reduction in the number of glutamine synthetase (GS)-positive centrilobular hepatocytes, an increase in DNA synthesizing hepatocytes in the central areas of the hepatic lobules, and a shift from multinucleated to mononucleated hepatocytes, although overt hepatocellular necrosis was not evident. By 3 wk, altered hepatocellular foci characterized by deficiencies in iron storage (IS -) and collagen production and by expression of gamma-glutamyl transferase (GGT + ) and placental-type glutathione transferase (PGT + ) activity appeared. Single PGT+ cells were also found. During continued exposure, foci increased in number, size, and total area with the increases escalating between 8 and 10 wk of exposure. Cessation of AAF exposure at 8 wk resulted in a slight decrease in the number of foci after a further 6 wk of maintenance, but with continued maintenance for another 6 and 12 wk, the number again increased. IS -characterized the majority of foci during carcinogen administration, whereas after cessation of exposure, GGT+ and PGT+ foci predominated. None of the foci were positive for GS. After AAF exposure for 10 wk, a few neoplasms developed and greater numbers occurred after maintenance for a further 24 wk of rats exposed for 8 wk. We conclude the following: (a) the low dose of AAF caused subtle alterations in function and proliferation of normal hepatocytes and converted hepatocytes into focus cells; (b) reduction of the GS+ area is a sensitive indicator of cytotoxicity of AAF; (c) the development of some foci at an early stage depends on a promoting action of AAF, which ceased when the carcinogen was withdrawn, allowing some foci to undergo reversion; (d) a strong linkage exists in expression of IS-, GGT+, and PGT+ in foci; (e) the carcinogenic process accelerates in the absence of any indication of increased cytotoxicity by AAF; and (f) under the conditions of this study, no GS+ foci, adenomas, and carcinomas were found, indicating that no carcinogen-induced expression of GS occurred in these lesions and that GS expression is not linked to other phenotypic abnormalities.
INTRODUCTION
2-Acetylaminofluorene (AAF) is a potent carcinogen to the rat liver (38, 39) , where it undergoes bioactivation to a DNA-reactive ultimate carcinogen (48) . In Fischer-344 (F-344) male rats, administration of AAF produces a rapid appearance of hepatocellular altered foci in the liver characterized by a variety of abnormalities (10, 15, 16, 18-20, 35, 40, 46, 49) . Considerable evidence indicates that altered foci are precursors of neoplasms that appear later ( 13, 21, 22, 26, 3 6, 41 ) , although certain specific details remain to be elucidated. In particular, the pathogenesis of foci and the nature of the small subpopulation of foci that apparently evolves into neoplasms are not fully understood. To study such processes, we have been investigating the molecular and cellular events during the early stage of AAFinduced liver carcinogenesis (10) .
In this paper, we report on the sequential effects in the liver of continuous feeding of 0.02% AAF, a regimen introduced by Yamamoto et al (50) and subsequently extensively studied (14, 46, 47) . The changes in the liver during carcinogen administration and following cessation of carcinogen exposure were studied in detail. The findings further elucidate the relationship between the cellular effects of the carcinogen, especially functional alterations and cell proliferation, and the evolution of preneoplasia and neoplasia.
MATERIALS AND METHODS Animals. A total of 39 male F-344 rats were obtained from Charles River Laboratory (Kingston, NY) at 6 wk of age and held for 2 wk of quarantine. At the start of the study, rats were 8 wk of age and had an average body weight of 170 g. The rats were housed in a conventional animal facility. They were kept in groups of 3 in solid-bottom polycarbonate cages with heat-treated hardwood bedding in a room at 20 ± 2°C, with 50 ± 10% relative humidity and a 12-hr dark/light cycle. The experimental diet was given ad libitum, and drinking water was provided by a polystyrene distribution system. The facility was accredited by the American Association for the Accreditation of Laboratory Animal's Care and the care of the animals conformed to the Guide for the Care and use of Laboratory Animals (NIH-78-23). The facility operated under the supervision of an institutional animal care and utilization committee.
Exposure. The animals were allocated to 13 groups (Fig. 1) , and all were fed the NIH-07 basal diet (Zeigler Bros. Inc., Gardeners, PA) containing 200 ppm AAF (Aldrich Chemical Co., Milwaukee, WI). The purity of the AAF was determined by highpressure liquid chromatography and gas chromatography (K. Brunnemann, American Health Foundation). In Groups 1-10, 3 rats were sacrificed every week up to 10 wk. In Groups 11-13, after administration of AAF for 8 wk, rats were maintained on basal diet and sacrificed after a further 6, 12, and 24 wk. At termination, total body weights were taken, and euthanasia was performed by decapitation.
Pathology Studies. Complete autopsies were performed and the liver weights measured. Liver slices were taken from each lobe and frozen or fixed in 10% buffered formalin solution and embedded in paraffin. Paraffin-embedded serial sections, 5 gm thick, were made from each lobe. The sections were stained with hematoxylin and eosin (HE) and other stains when needed, including Alcian blue, periodic acid-Schiff, with and without diastase, Weigert's reticulin, and Masson's trichrome stains. Preneoplastic liver lesions, altered foci, that were visible due to abnormal tinctorial and cytologic features were designated HE-and were diagnosed using standard criteria (32) .
Immunohistochemical Studies. Immunocytochemical stains for cytokeratin, a-fetoprotein, and carcinoembryonic antigen were performed on selected specimens using commercial antibodies (Dako, Copenhagen, Denmark) and a modified avidin-biotin method (30) to study the occurrence of oval cells (32) . The role of the collagen matrix was analyzed by fibronectin, collagen type I and type III determination, and basement membrane (BM) alterations by studying the location and intensity of BM components laminin and collagen IV. Fibronectin was obtained commercially (Dako), and the other antisera were kindly provided by Drs. J. and L. Risteli (Department of Medical Biochemistry, University of Oulu, Finland). Tissue sections were deparaffinized and treated with 0.4% pepsin (Merck, Darmstadt, Germany). The sections were successively treated with rabbit antibodies, biotinylated anti-rabbit y-globulin (Vector Laboratories, Burlingham, CA), dilution 1:500, avidin (Vector), dilution 1:1,000, and biotinylated horseradish peroxidase. The peroxidase reaction was carried out using 9-methyl-2-ethylcarbazole (Sigma Chemical Co., St. Louis, MO) as a substrate. Hematoxylin was used as counterstain.
Iron-Storage Deficiency. For identification of preneoplastic liver lesions, the property of iron-storage deficiency (IS-), was used as a marker (46, 49) . Liver siderosis was produced by injecting rats with iron 3 times per week for 2 wk prior to killing (45) .
Liver slices were taken from each lobe and fixed in formalin. Paraffin-embedded sections were reacted by the Prussian blue method and counterstained with hematoxylin.
y-Glutamyl Transferase. Liver slices were taken from each lobe, frozen, and sectioned. The sections were processed histochemically for y-glutamyl transferase (GGT) activity using L-glutamyl-4methoxy-~3-naphtylamide (Vega Biochemicals, Tuc-son, AZ) as substrate and counterstained with hematoxylin (24) . Glutamine Synthetase and Placental Glutathione Transferase. Liver slices were fixed in buffered formalin for less than 1 hr and embedded in paraffin. Deparaffinized sections were treated with 0.5% hydrogen peroxide in methanol to inactivate endogenous peroxidase (7) and then stained for glutamine synthetase (GS) (8, 9) or placental-type glutathione transferase (PGT) (35) , as described earlier. The results for GS are expressed as the relative mean width (RMW) of the GS+ perivenous zone, which provides a measure for the extent of this area in relation to the perimeter of the venule in micrometers (10) .
Cell Replication. For labeling of cells engaged in DNA synthesis, the rats were injected intraperitoneally with 200 ACil 100 g body weight of (methyl-3H) thymidine of specific activity, 6.7. Ci/mmol (New England Nuclear, Boston, MA), 5 h prior to killing. The frozen sections, reacted for GGT activity, were coated with Kodak NTB-3 liquid photographic emulsion. Slides were stored for 21 days at 4°C in darkness with desiccants. They were then developed, fixed, and mounted in glycerin jelly after counterstaining with hematoxylin. The number of labeled nuclei per square centimeter was counted and expressed as the labeling index for different areas of the liver, central, periportal, and midzonal as well as foci.
Mitoses were counted in Feulgen-stained slides of sections from each liver lobe. The mitotic index was calculated for the different areas similarly to the labeling index.
Quantification of Foci. ISand GGT+ foci were quantified using a computerized Videoplan image analysis system (Carl Zeiss, Thomwood, NY). The images from slides viewed in a Zeiss microscope were traced on a digitizer tablet connected to a computer. The liver area studied at each time point averaged 25-45 cm2 . The number of foci, diameter of foci, and transection area for each focus were obtained.
Similarly, PGT+ foci were quantified. The calculations of the number of foci in the 3-dimensional space and of their relative volume were then performed using published stereological procedures (37) .
RESULTS

Findings During AAF Exposure
General Characteristics. Body weights and liver weights increased progressively during the course of the study (Table I) . Body weights increased from an average of 186 g at the start of exposure at week 1 to 323 g after 10 wk of AAF exposure, while liver weights increased from an average of 11.9 g at week 1 of the study to 14.3 g at wk 10. Hepatocellular Changes. During AAF exposure, parenchymal cells not involved in lesion formation displayed only minor changes such as narrowing of the sinusoidal space, some cytoplasmic swelling, and an increase in nuclear size. Individual cell necrosis and shrinkage were rare, except for the GS+ cell population surrounding the central vein (see later), but cytoplasmic alterations due to disintegration of (Fig. 2 ) increased in number during AAF exposure from approximately 1.5% at week 1 to 3.2% at week 8 (Table I) . This count includes only intracellular apoptotic bodies; extracellular bodies with similar features, some being Kupffer cells, were more common. G S Activity. In nonlesional rat liver, GS was found exclusively in a small population of hepatocytes immediately surrounding the central vein ( Fig.  3 ). AAF exposure for 1 wk caused a reduction of the GS+ area, which became more pronounced with continued exposure. In the course of this process, the outer GS+ layer disappeared, leaving an inner discontinuous layer of irregularly stained cells adjacent to the central vein (Fig. 3 ). The RMW values of the GS+ area decreased to 70% during the first week and were lowest after 6 wk (Table II) . The values at weeks 7 and 8 were higher than that at week 6, but the animals sacrificed at week 10 displayed markedly reduced values.
PGT Activity. Isolated PGT+ cells ( Fig. 4 ) first appeared at 3-5 wk of AAF exposure. The staining FIG. 4.-Isolated PGT+ cells in rat liver parenchyma exposed to AAF for 7 wk. PGT. x 150. was intense, and sharply demarcated PGT+ cells were located mainly midzonal away from portal tracts or central veins. These cells were few in number when they first appeared and increased with continued AAF exposure. Cell Ploidy. The fraction of binucleated hepatocytes (Fig. 2 ) decreased during AAF exposure from approximately 20% in unexposed animals to 6% at week 4 and 4.5% at week 8 (Table I) . Binucleated cells were classified as such only when both nuclei were identified in the same plane of sectioning in 5-~m-thick HE-stained sections. Cell Replication. Exposure caused no consistent effect on (3H-)TdR labeling indices (Table I) -Collagenous strands extending from one portal tract to another; sparse material in parenchyma in rat liver exposed to AAF for 10 wk. Weigert's reticulin stain. x 250.
were comparable in periportal, midzonal, and central areas (Table I) .
Oval Cells. Oval cell proliferation was found to a limited extent in the periportal region after extended exposure. After 5 wk, strands consisting of connective tissue (Fig. 5 ), which stained positive for collagen, fibronectin, and BM components such as laminin, extended from one portal area to another. Immunocytochemical staining for cytokeratin, a-fetoprotein, carcinoembryonic antigen, and PGT showed only sparse positive-staining oval cells. Oval cells were negative for GS. They were localized in fibrous areas containing collagen Type I and Type III as indicated by the reticulin and trichrome stains, as well as by immunohistochemistry. The total area occupied by oval cells varied up to 1.5% after extended exposure (Table I) .
Altered Hepatocellular Foci. Morphology: Foci characterized by phenotypic abnormalities appeared after 3 wk of AAF exposure (Table III, 1) . One type of HE-focus consisted of small aggregates of cells with dense basophilic cytoplasms, as seen in HE-stained sections. Another type of HEfocus was comprised of acidophilic cells with loose, pale cytoplasms, and other foci were composed of clear cells. HE-foci with multiple cell types were also found. Deposits of collagens Type I and Type III were displayed as sparse, irregular, discontinuous bands in the sinusoidal space in foci, while the amount of collagens in the parenchyma surrounding foci was more distinct, occurring as strands of varying thickness in the pericellular space. BM components, laminin, and collagen Type IV, were also sparse in foci.
Number and Size: Foci increased in number with continued exposure to AAF (Table III , Column 1). Their development during the final 2 wk of exposure, weeks 8-10, was dramatic; the total foci increased from 13/cm2 at week 8 to 46/cm2 at week 9 and 67/cm2 at week 10. The area of the liver occupied by foci increased with duration of exposure and, thus, cumulative dose especially after 5 wk of AAF (Table VI) . Foci ultimately occupied almost 10% of the cross-sectional area of liver sections. The average size of most types of foci also increased during continued AAF exposure (Table V) .
Phenotypes: The earliest appearing foci at week 3 were all IS-(Table III, Column 2). During AAF exposure, more than 97% of foci were IS-. The number and total area of IS-foci increased with cumulative dose. The increase in number and area of IS -foci was rapid between 8 and 10 wk of exposure. Foci with only ISwere common during AAF exposure, up to 40% at week 9 and 29% at week 10.
All early-appearing foci were also GGT+ (Table  III , Column 3). The average number of GGT+ lesions also increased with the duration of AAF exposure, although the number of GGT+ foci increased, such that at week 10 only 71 % of foci were GGT+. Foci expressing only GGT+ (Table III , Column 8) were few during AAF exposure (i.e., less than 10%). PGT+ foci were found by week 4 and increased with exposure duration (Table IV) . PGT activity of foci was distinct though somewhat varying in intensity (Fig. 6 ). In early foci, the borders were un- even with PGT+ cells extending into the surrounding parenchyma. Some foci were small, consisting of only a few cells. The PGT activity was uneven, most distinct in the cell periphery. Foci small enough to be unequivocally attributed to a particular zone were localized in the centrilobular area.
No GS+ foci were detected during the entire study. During AAF exposure, most foci were characterized by multiple alterations, especially alterations in HE tinctorial properties, ISand GGT+ (Table  III , Column 4). The total area of such foci increased more than other types lacking 1 or more of those features. Foci that expressed only 1 or 2 markers were usually smaller in size.
Proliferative Activity: The labeling index of cells in foci was greater than that of nonlesional areas (Table V) . It was significantly different in IS-as compared to IS+ foci but similar in GGT+ and GGT-foci. The earliest appearing foci had the highest indices. The ratio of labeled cells between peripheral and central parts of lesions ranged from 1.6 to 2.3, averaging 1.9. (Table I) . Hepatocellular Neoplasms. The first definite liver neoplasm was present at 8 wk of AAF feeding. By 10 wk, 6 hepatocellular adenomas were present. The neoplasms were composed of densely packed enlarged cells. The cell trabeculi were 1 cell wide. The adenomas compressed surrounding liver with sharp demarcation. The neoplastic cells were slightly pleomorphic with large nucleoli and increased nucleocytoplasmic ratio. The cytoplasm of these cells were either acidophilic or basophilic; clear cell tumors were less common. The neoplasms were IS-and GGT+ as well as PGT+. No GS+ neoplasms were found. No transitions to carcinoma were observed.
The ratio of neoplasms to foci was low, approximately 1-10,000 at week 10.
Findings During Postcarcinogen
Maintenance General Characteristics. The weights of the animals decreased slightly during maintenance, as did average liver weight (Table I) ; body weights averaged 300 g at week 8 and 280 g after 24 wk of maintenance, while liver weights were 11.8 g at week 8 and 15 g after 24 wk of maintenance. Hepatocellular Changes. Hepatocellular injury, necrosis, and shrinkage were uncommon. Apoptotic bodies were few, remaining at a level of 2.2% at week 6 of maintenance, 2.9% at week 12, and 2.5% at week 24. The perivenous GS+ area remained reduced (Table VII) . It was discontinuous, and the staining varied in intensity (Fig. 7 ). Some GS+ cell aggregates appeared during maintenance in the vicinity of the terminal hepatic veins.
Ploidy and Cell Proliferation. The percentage of binucleated cells remained at approximately 4-5%, which was the level at the end of carcinogen exposure (Table I ). The labeling indices of hepatocytes were similar to those during AAF exposure, although lower in some areas. The mitotic indices during maintenance were low, similar to those seen during AAF exposure.
Oval Cells. The area involved by collagenous strands extending from portal tract to portal tract containing some oval cells increased slightly, from about 1-2% after 8 wk of AAF to 3-4% after 24 wk of maintenance. Oval cells were positive for PGT but not for GS. Oval cells as determined by light microscopy and immunohistochemical stainings did not participate in tumor formation. Altered Hepatocellular Foci. Morphology and Histochemistry: Cellular characteristics and cytoplasmic staining properties of foci during maintenance were, in general, similar to those seen at the end of exposure (Table VIII) . Foci that were morphologically and histochemically distinctive [i.e., GGT+ and IS-(Column 2)] were fairly common, 37% at 6 wk of maintenance and 86% at 24 wk. ISand GGT-foci were few (Column 3), 2.4% at 6 wk to 9.5% at 24 wk. In contrast, GGT+/IS+ foci were common, 45% at 6 wk and 37% at 24 wk (Column 4). Morphologically distinct, but histochemically normal, foci (Column 5) were few. Morphologically inapparent but histochemically abnormal foci (Column 6) varied in incidence, 8 .6% at 6 wk, 58% at 12 wk and 18% at 24 wk.
PGT activity was also a fairly consistent property of the foci with more uniform distribution than in early foci. The number of PGT+ lesions during maintenance was similar to that seen in the livers of rats exposed to AAF alone (Table IX) . These foci, however, were larger in size than early foci with sharply demarcated borders, as indicated by the significantly higher volume when compared to the relative volume of lesions induced by AAF alone (Table IX).
Number: At 6 wk after cessation of AAF exposure, a substantial decrease in the number of IS-foci (i.e., about 63%) had occurred. In contrast, there was an increase in the number of GGT+ foci. During continued maintenance, the total number of IS-/GGT+ foci increased (Table VIII ).
Morphometrical Characteristics: The percentage of the liver area occupied by foci changed somewhat during maintenance (Table VIII ). The size of the foci, though varying in the same liver, was, on average, the same as in livers during AAF administration.
Cell Proliferation: Foci present during maintenance displayed a high level of cell proliferation (Table VIII) , similar to those that developed during AAF exposure (Table V) . Foci during maintenance had similar labeling indices in all parts of foci, whether central or peripheral, though slightly lower in foci characterized by only 1 cytochemical abnormality, either GGT+ or IS-.
Neoplasms. By 24 wk, 47 liver neoplasms (36 adenomas and 11 carcinomas) developed. Adenomas were similar to those seen during AAF exposure. Some carcinomas also showed residual adenoma. The carcinomas were mainly of the trabecular type with neoplastic cells in a distinct collagenous stroma. The hepatocytes were enlarged, the nuclei polymorphic, and cytoplasm staining varying, some eosinophilic, some basophilic. The growth pattern was more than 1 cell thick. Less common were hepatocellular carcinomas of the diffuse type with solid arrangements of neoplastic cells in a scanty stroma. The surrounding tissue was compressed, and the borders occasionally uneven. These neoplasms were IS-, GGT+, and PGT+; none was GS+. The PGT staining intensity was fairly evenly distributed, being most distinct in the center of the cell. The ratio of neoplasms to foci was higher than after AAF exposure, approximately 1-400.
DISCUSSION
This study was undertaken to address 2 aspects of chemical-induced hepatocarcinogenesis: (a) the carcinogen-induced changes in hepatocytes relevant to the development of preneoplasia and (b) the features of preneoplasia that might be indicative of evolution of neoplasia.
Among acute change, hepatocyte injury, shrinkage, and necrosis were infrequent, as was the number of distinct, unequivocal apoptotic bodies. This indicates that the conditions of exposure did not lead to substantial cell lethality, except in GS+ cells, as discussed later. With other types of exposure, higher incidences of apoptosis have been reported (1) (2) (3) (4) 27) , possibly due to different criteria, since morphologically similar, but unrelated, phenomena such as Kupffer cell proliferation are common.
Reduction of the GS+ area around the central veins was related to duration of exposure and, hence, cumulative dose. Thus, the size of the GS+ hepatocyte population represented by the RMW value is a sensitive indicator of centrilobular injury (7) (8) (9) , which we have previously reported to identify centrilobular effects of carcinogens in the absence of overt cytotoxicity (10, 11, 44) . Light microscopical alterations indicative of cell injury and necrosis were indistinct, thereby demonstrating that conventional light microscopy, as relied on in some studies (17), may not be sensitive enough to detect cell injury. Some increase of interstitial collagens was observed, an indicator of reparative phenomena in the liver (32) . Oval cell proliferation as evidenced by morphology or immunohistochemistry with AFP, carcinoembryonic antigen, or cytokeratin (12, 48) was minimal.
The rates of proliferation of hepatocytes were only slightly increased, as assessed by the labeling index. The labeling indices were highest in the central area during exposure, possibly in relation to the cytotoxic effect on the GS+ hepatocytes, and decreased slightly during maintenance. In other areas, a distinct trend could not be discerned. During AAF exposure, the percentage of binucleated, polyploid hepatocytes de-creased, as shown previously with AAF exposure (46) . Adult rat liver normally contains polyploid hepatocytes, the relative number of which depends on the age of the animal (25) . Enhanced cell proliferation, such as with partial hepatectomy, leads to reduction of ploidy (28) . The finding of reduced ploidy suggests that there was increased cell proliferation, but the single measurement of 3H-TdR was not sensitive enough to detect it. The reduction in ploidy may have implications for the carcinogenic process. Diploid cells have only 2 alleles for each gene, which may render them more susceptible to the mutagenic effects of DNA-reactive carcinogens than polyploid cells (25, 28) .
AAF caused the appearance of altered foci in the liver after only 3 wk, as shown in previous studies (46, 47) . The foci cells were clearly proliferative, as reflected by an increased labeling index and predominance of mononucleate cells. The number of foci increased with continued AAF administration.
Starting at about week 4, the number of foci doubled or more per week. The extent of involvement of the liver by IS-foci also increased continuously during AAF exposure. The number of foci was much higher than a simple additive effect of multiple doses of AAF, suggesting that AAF both induces and promotes growth of foci cells. We have reported that AAF inhibited cell-cell communication between cultured liver cells (42, 43) a property of promoters of neoplasia (33, 34) . After cessation of AAF, a phenotypic reversion of IS-foci occurred, as described previously (6, 47) . This possibly suggests that some foci that developed during exposure depended on a promoting effect of the carcinogen, which ceased upon withdrawal.
The foci induced by AAF exposure displayed a variety of phenotypic abnormalities. ISwas a sensitive marker of foci that developed during AAF exposure (6, 15, 46) , whereas GGT activity was more distinct in foci during maintenance. PGT activity was also a constant property of foci, varying in intensity in early foci, but regularly distributed in advanced foci. Single PGT+ cells were also observed by 3 wk, as previously reported (35) . During maintenance, a considerable number of foci was discerned only by GGT reactivity. Despite the reduction of the GS+ hepatocyte population, no GS+ foci developed, in contrast to our previous study (10) where a very small incidence of GS+ foci was noted at the end of the exposure phase. This indicates that reduction of the GS+ zone per se is not sufficient for the occurrence of GS+ foci. Instead, initiation of these cells seems to be highly dependent on dose and time of exposure (44) . At low doses of AAF, the cytotoxic effects of this carcinogen on the GS+ cell population seem to predominate. The absence of GS+ foci indicates that the expression of this phenotype in foci cells is not a carcinogen-induced feature but, rather, reflects initiation of a subpopulation of GS+ hepatocytes. Also, the fact that no GS+ foci occurred during maintenance indicates that there is no spontaneous acquisition ofGS expression in foci. IS-/GGT+ foci were more common during continuous exposure, indicating a different cytochemical make up of foci during exposure and during maintenance. Loss of ISor GGT+ also was associated with a reduction in size, indicating an association between different characteristics of foci.
Early foci that developed during AAF exposure were frequently IS-/GGT+ as well as strongly labeled, whereas foci during early maintenance (i.e., < 6 wk) had a low mitotic index and were IS+. During late maintenance (i.e., > 12 wk), cytochemical characteristics and indicators of cell proliferation were different, indicating either a progression of one type of focus to another during carcinogen exposure and maintenance or that foci appearing early during initiation are different from those during extended progression. The decreased deposition of collagens in the foci seen in this study also emphasizes the relationship between foci and neoplasms, characterized by defective production of interstitial and BM collagens (31 ) and fibronectin (19) .
Foci increased in size and number with continued carcinogen exposure. They displayed elevated DNA synthesis and mitoses, as reported for nitrosamineinduced foci (22, 23) , indicating that they develop by proliferation. Lesions occurring late, 24 wk after cessation of AAF exposure, had higher labeling indices than earlier appearing ones. This suggests that the late lesions express greater growth capacity, as also indicated by abnormalities of DNA content (20) . These features indicate expression of neoplastic characteristics.
After cessation of AAF administration, some foci disappeared, as we have previously reported (6, 47) . In studies of foci induced by other carcinogens, this has been attributed to apoptosis (1, 2, 27) . The number of apoptotic bodies in AAF-induced foci was so low that this phenomenon cannot account for their disappearance. The suggestion by Enzmann and Bannach (5) that disappearance of early-appearing, severely altered foci is due to the nonspecific toxic effects of the carcinogen was also not supported by our study. We continue to propose that the reduction in foci after carcinogen removal is due largely to reacquisition of a normal phenotype mediated by the homeostatic influence of surrounding normal hepatocytes (6, 42) .
After cessation of carcinogen exposure, the few neoplasms that developed in relation to the large number of foci clearly indicates that only a small fraction of AAF-induced foci are capable of progressing to neoplasms (36, 47) . IS-foci diminished during the first 6 wk of maintenance but increased again during continued maintenance for another 6-18 wk. GGT+ foci increased during continued maintenance, as did the total number of foci. Evidently, some types of foci acquire the capability of sustained growth even with limited carcinogen exposure. We have previously provided evidence that GS+ foci appear to have greater growth potential than other types of foci (10) .
The development of 47 neoplasms indicates that the precursors of these neoplasms were present among the population of preneoplastic lesions induced by exposure. The finding that neoplasms were IS-, GGT+, and PGT+ suggests that foci with multiple phenotypic abnormalities have a high proclivity to progress. However, no GS+ neoplasms developed, which reflects the fact that no foci with this phenotype were present. The number of neoplasms was high enough to reveal a spontaneous acquisition of this phenotype by some neoplasms. That this did not occur supports our hypothesis that GS+ neoplasms develop from GS+ hepatocytes via foci expressing the GS+ phenotype (10, 11, 35) .
In summary, we found that low doses of AAF produced subtle alterations in function and proliferation of hepatocytes that were converted into cells of phenotypically altered foci. The development of some foci depended on the continued administration of carcinogen. Nevertheless, the development of other foci progressed rapidly without any indication of increased cytotoxicity of the carcinogen and continued after cessation of carcinogen exposure. Such foci are presumed to have acquired a phenotype advantageous for growth. The nature of this phenotype and its genotypic basis remain to be elucidated.
